Purpose: Production of a functional grip pattern requires the concerted action of numerous structures within the hand. This study quantifies the effect of total distal interphalangeal joint (DIPJ) stiffness to grip strength. Methods: Fifty (25 men, 25 women, 100 hands) individuals with a mean age of 38 years (range: 17-69 years) were recruited. Exclusion criteria included history of previous upper limb injury, neuropathies, or systemic disease. Custom thermoplastic orthoses were used to splint participants' DIPJ in full extension simulating stiffness. Grip strength before and after splinting was measured using a calibrated Jamar dynamometer. Data were analyzed using paired and independent sample t tests and 2 Â 2 repeated-measures analysis of variance with hand dominance and configuration (splinted or unsplinted) as within-subject factors. Results: Restriction of DIPJ flexion led to a 20% decrease in grip strength (P < .001). There was no significant difference in this decrease between dominant and nondominant hands. Univariate analysis did not demonstrate any interaction between hand dominance and testing configuration. Post hoc analysis revealed no statistical difference in baseline grip strength between the dominant and non-dominant hands. Furthermore, men had significantly stronger grip strength than women in all configurations (P < .001). Conclusions: Flexion at the DIPJ contributes significantly to grip strength, and stiffness at this joint greatly limits functional capabilities of the hand. This necessitates the need for targeted rehabilitation in DIPJ injuries to minimize adverse effects on grip strength.
Introduction
Grip strength is an objective measure of the functional integrity in the hand and upper extremity. Well established as a valid and reliable measure of overall hand function, 1 it is commonly used by physicians and hand therapists to determine baseline values and monitor ongoing progress of therapy. The formation of a prehensile pattern requires the exquisite coordination of the flexor digitorum superficialis, flexor digitorum profundus (FDP), and intrinsic muscles of the hand. Injury or pathology to any of these structures can result in decreased maximal output and functional limitation. Better understanding of how these specific muscle groups individually contribute to grip strength allows for more precise characterization of the impact of injury and focused direction for rehabilitation protocols.
Stiffness of the distal interphalangeal joints (DIPJs) can occur as a result of osteoarthritis, psoriatic arthritis, or posttraumatic injury. 2, 3 This can lead to chronic debilitating pain, severe deformities, and functional impairments. Arthrodesis is effective in relieving the pain of hand osteoarthritis; however, mechanical testing after simulated arthrodesis of the index finger alone demonstrated a significant decrease in grip strength. 4, 5 Further studies have examined the impact of simulated arthrodesis at varying degrees of flexion on grip strength; however, the effect of total DIPJ stiffness has not been previously investigated. The present study aims to examine grip strength with simulated total DIPJ stiffness. The purpose of the study is to quantify the total contribution of the DIPJs to overall grip strength. We hypothesize that restriction of the DIPJs of the second to fifth finger will result in a substantial decrease in overall grip strength. Furthermore, a secondary hypothesis is that this detriment may differ between the dominant and nondominant hands.
Methods

Participants
Fifty participants, selected using a convenience sample of hospital staff and university students, were studied. The sample included 100 hands from 25 men and 25 women (45 right-hand dominant; 5 left-hand dominant) with ages ranging from 17 to 69 years (mean [standard deviation]: 38 [14] ). A small pilot study of 6 participants was completed demonstrating a 25% decrease in grip strength with splinting of the DIPJ. Based on these results, 19 participants were required since each participant acted as their own control in the unsplinted testing condition to achieve 80% power at a ¼ .05. We recruited 25 male and 25 female participants to ensure data would reach adequate power even when stratified according to gender. A screening questionnaire was administered to gather demographic information including hand dominance, age, and previous injuries. Exclusion criteria included previous history of upper limb injury, neuropathies, or significant systemic illness that interfered with daily functioning.
Study Design and Procedure
Total DIPJ stiffness was simulated using custom thermoplastic orthoses to splint the DIPJ of the second to fifth digit in full extension ( Figure 1 ). Varying sizes of splints were available to accommodate differences in digit size and to ensure consistent restriction of flexion.
A calibrated Jamar dynamometer (Lafayette Instrument Company, Lafayette, Indiana) with an adjustable handle was used to test all participants. Testing was done with the handle in the second position (1.5-in grip span) as is recommended for clinical and research purposes to produce maximum grip strength. 6 Participants were tested in accordance with the standardized testing position recommended by the American Society of Hand Therapists 7 with shoulder adducted, elbow flexed to 90
, and forearm and wrist in neutral position. Maximal grip strength was measured in both hands of all participants at baseline without any restriction to movement and then with the DIPJs of the second to fifth digit splinted ( Figure 2 ). The testing order was randomized for hand dominance and testing configuration for a total of 4 separate testing conditions. A pretest trial run was administered to familiarize participants with the Jamar dynamometer. Each participant was then tested 3 times in each configuration, with 30 seconds of rest in between to avoid fatigue. The mean of the 3 trials was recorded for analysis. Measurements were recorded by a single observer to maximize intra-rater reliability. 8 The total testing procedure took approximately 20 minutes to complete. All procedures followed were in accordance with the ethical standards of the responsible committee on human experimentation (institutional and national) and with the Helsinki Declaration of 1975, as revised in 2008. 5 Informed consent was obtained from all participants prior to testing and approval from the study was obtained from the institutional ethics review board (HSREB 108426).
Data Analysis
Data were analyzed using the Statistical Package for the Social Sciences 11.0 (SPSS Inc, Chicago, Illinois). Independent and paired sample t tests were used to determine the effect of total DIPJ stiffness on grip strength and the effect of gender on grip strength. A 2 Â 2 repeated-measures analysis of variance with hand dominance and configuration (control or splinted) as within-subject factors was used to determine whether there were any significant interaction between hand dominance and testing configuration. All univariate analyses were evaluated for lack of sphericity using the Greenhouse-Geisser epsilon correction. Post hoc evaluations of significant main effects were conducted using Bonferroni-adjusted pairwise comparisons. Significance was set at P < .05.
Results
The range and mean + 95% confidence interval (CI) for grip strength (kg) for the 2 testing configurations is presented in Table 1 for the dominant and non-dominant hand. Total simulated DIPJ stiffness resulted in a 20% decrease in overall grip strength in both the dominant and non-dominant hand (P < .001). There was a 6.97 kg (95% CI: 5.48-8.47) decrease with DIPJ splinting of the dominant hand and comparably a 6.94 kg (95% CI: 5.56-8.33) decrease in the non-dominant hand (Figure 3 ). The effect of DIPJ restriction on grip strength was not statistically different between the 2 hands; both hands were as equally adversely affected. Independent t tests showed that men had significantly stronger grip strength than women in all testing configurations (P < .001).
Univariate analysis did not demonstrate any interaction between hand dominance and testing configuration that was predictive of grip strength (F 1, 0.009 ¼ 0.002; P ¼ .968). Significant main effects were seen for testing configuration (F 1, 2422.71 ¼ 2422.71; P < .001), but not for hand dominance (F 1, 49 ¼ 3.356; P ¼ .073). Post hoc evaluation of the main effect of testing configuration revealed a statistically significant decrease in grip strength with DIPJ restriction in both hands. However, post hoc analysis of the difference in grip strength at baseline between the dominant and non-dominant hand was not statistically significant (P ¼ .107).
Discussion
The present study investigated the effect of total simulated DIPJ stiffness of the second to fifth digit on grip strength and demonstrated a significant decrease of 20%. This decrease was observed in both the dominant and non-dominant hands equally. Although only contributing 15% of the total digital active range of motion, 9 the DIPJs are demonstrated here to be important in generating a power grip. The loss of total DIPJ flexion causes a great detriment to overall hand strength and functional capability.
Previous studies have examined the impact of simulated DIPJ arthrodesis of the index and middle fingers both in isolation and together. 4, 5 Morgan et al described a 20% decrease in grip strength with fusion of the index and middle fingers alone and a 25% decrease in grip strength with the simultaneous fusion of both digits. This appears incongruent with our findings of a 20% decrease with simultaneous blocking of all 4 DIPJs of the index, middle, ring, and small fingers. A possible explanation is the decrease in strength attributed to the Quadriga effect. The flexor profundus tendons of the ulnar 3 digits share a common muscle belly originating more proximally in the forearm. 10, 11 Restricted flexion of any 1 of the 3 ulnar digits prevents full excursion and muscle contraction of the other 2, resulting in decreased strength in excess of that expected with mechanical loss of a single digit. Although classically the Quadriga phenomenon is referenced for the middle, ring, and small digits, Quadriga-like connections have also been described for the index finger with an oblique tendon connecting the profundus tendon of the index finger with the musculotendinous unit of the ulnar 3 digits. 10 Thus, the effects of physically blocking all 4 DIPJs may be comparable with the cumulative mechanical and Quadriga effect of blocking solely the index and middle fingers.
Horton et al quantified the Quadriga effect by sequentially simulating isolated stiffness of the index, middle, ring, and small fingers and measuring the strength of the each of the remaining digits during power grip. 10 Simulated stiffness of the index finger resulted in a 52% and 47% decrease in strength in the ring and small digit, and similarly stiffness of the middle finger resulted in a 48% and 38% decrease in strength of the ring and small digit. Simulated arthrodesis with the index finger in 20 degrees of flexion improved grip strength compared with positioning in full extension. 5 Flexed posturing reduces tension on the FDP tendon and thus decreases the Quadriga effect exerted on adjacent digits. This subsequently translates into a lessened effect on grip strength. Further study is required to further elucidate the individual and combinatorial effects of DIPJ stiffness of each digit to grip strength.
Another interesting finding from post hoc analyses is the lack of a significant difference in baseline grip strength between the dominant and non-dominant hands. Earlier papers had cited up to a 33% difference between the 2 hands. 1, 12 In a large of sample of 1023 participants, Werle et al established normative grip strength values within the Swiss population and found a significant mean difference of 1.15 kg between the 2 hands.
12 This is very similar to the mean difference found within our study of 1.00 kg; however, the lack of statistical significance may be attributed to our relatively small sample size of 50 participants. Furthermore, the same study stratified grip strength by age, and the difference in grip strength between dominant and non-dominant hands was inversely correlated with age: a difference of 2.9 kg in the 18-to 19-year-old age-group diminished to only 0.8 kg in the over 85 age-group. Unequal sampling of a specific age group can potentially confound comparisons. Individual studies also differ in their definition of handedness. Few studies use the established Edinburg Inventory for Handedness developed by Oldfield 13 and many instead rely on participants' self-identification. Depending on the definition, the dominant hand can be classified as the most preferred for unimanual tasks, the most dextrous and skillful, or the strongest.
14-17 A recent 2011 study compiling revised normative values for grip strength found no significant difference between the 2 hands in a population of 720 individuals and attributed the dichotomy in the literature to be a result of varying statistical methodology. 18 A limitation of the study is the static nature of grip strength testing, which may be less representative than dynamic grip strength testing. Dynamic testing conditions cause decreased stabilization and submaximal grip strength. 19 This more realistically represents functional power grip activities of the hand.
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